Purpose To examine eye tracking data and compare visual behavior in individuals with normal hearing (NH) and with moderate hearing loss (HL) during two types of driving conditions: normal driving and driving while performing a secondary task. Methods 24 participants with HL and 24 with NH were exposed to normal driving and to driving with a secondary task (observation and recall of 4 visually displayed letters). Eye movement behavior was assessed during normal driving by the following performance indicators: number of glances away from the road; mean duration of glances away from the road; maximum duration of glances away from the road; and percentage of time looking at the road. During driving with the secondary task, eye movement data were assessed in terms of number of glances to the secondary task display, mean duration of glances to the secondary task display, and maximum duration of glances to the secondary task display. The secondary task performance was assessed as well, counting the number of correct letters, the number of skipped letters, and the number of correct letters ignoring order. Results While driving with the secondary task, drivers with HL looked twice as often in the rear-view mirror than during normal driving and twice as often as drivers with NH regardless of condition. During secondary task, the HL group looked away from the road more frequently but for shorter durations than the NH group. Drivers with HL had fewer correct letters and more skipped letters than drivers with NH.
Introduction
Drivers with moderate to severe hearing loss (HL) show worse driving performance in the presence of distracters than drivers with normal hearing (NH) or mild HL [1] . This may be a growing traffic safety concern since HL is often age-related and the aging population implies an increased number of road users with HL. At the same time the in-vehicle environment is becoming increasingly more complicated, for example with navigation systems and communication devices.
The prevalence of HL in Europe is roughly 30 % for men and 20 % for women at the age of 70 years, and 55 % for men and 45 % for women at the age of 80 years [2] , and similar percentages have been reported in other countries outside Europe [3] . This number is increasing, due both to prolonged life expectancy and to increased exposure to noise in the environment [4] . The prevalence of HL increases for all ages, although the most common category of HL is age-related presbycusis [4] .
Relatively few studies have been carried out to investigate the effect of HL on traffic safety. Some researchers have suggested that HL is associated with a higher risk of accidents [5] [6] [7] , (Barreto, Swerdlow et al. 1997; Ivers, Mitchell et al. 1999 ; Picard, Girard et al. 2008 ) while others have found no such relation [8] [9] [10] -though McCloskey et al. [8] do find that hearing aid users are more at risk of accidents.
Glad [11] suggested that hearing impaired drivers could compensate for their sensory loss by adding extra mirrors to the vehicle to offset their difficulty in detecting fast vehicles approaching from behind. Whether this suggestion is correct or not, Magnet [12] indicated that when compared with drivers with NH, drivers with HL do not use compensatory eye movements. Thorslund et al. [13] demonstrated that increased driving complexity affects drivers with HL more than those with NH, and that as driving complexity increases, drivers with HL show more cautious driving behavior, with lower driving speeds and higher disregard of any secondary tasks. The purpose of this study is to investigate whether the visual behavior of drivers with HL differs from drivers with NH, both during normal driving and while performing a distracting secondary task.
We have found no literature regarding whether individuals with HL compensate visually for the loss of auditory information; however, some studies show that deaf people perform better on certain perceptual tasks than those with NH [14] . The enhancement of attention resources directed towards the periphery might serve as a compensatory means for detecting auditory events outside the central field of view [15] ; however, how this relates to traffic is unclear.
Andersson [16] demonstrated that specific aspects of the phonological system deteriorate as a function of poor auditory stimulation in individuals with HL. Specifically, phonological representations decline and this decline also affect the ability to perform rapid phonological operations, such as recognizing and comparing letters [16] . Thus, it is reasonable to assume that a secondary task that includes performing phonological operations while driving would affect drivers with HL more than drivers with NH.
With previous assumptions that driving is mostly a visual task [17] , that deaf people have enhanced peripheral vision [14] , and that drivers with HL show more cautious driving behavior [13] , it is interesting that drivers with HL show worse driving performance during distraction than drivers with NH [1] . The purpose of the present study is to compare visual behavior in older adults with and without HL during normal driving and driving while performing a secondary task.
Methods

Participants
The participants (N=48; 24 in the NH group and 24 in the HL group) were recruited from the region around Linköping, Sweden. The NH group included 12 men and 12 women and the HL group included 13 men and 11 women. On average the NH group drove 1,892 km/year (SD=1,095 km/year) and the HL group drove 1,545 km/year (SD=673 km/year). The mean age was 60.1 years (SD=7.1 years) for NH men, 59.6 years (SD=5.0 years) for NH women, 62.0 years (SD=7.9 years) for HL men, and 61.0 years (SD=9.8 years) for HL women. The inclusion criterion for the NH group was a hearing threshold of maximum 20 dB at each frequency (500, 1000, 2000, and 4,000 Hz) measured with a pure tone audiometer. Inclusion criterion for the HL group was a moderate HL (41-70 dB) according to WHO categories [18] , measured with a pure tone average of four mean values (PTA4; mean of 500, 1,000, 2,000 and 4,000 Hz). Participants with HL were asked to use their hearing aids when driving if that was their normal practice and 16 (67 %) did. Vision measures included binocular Distance visual acuity using a logMAR chart [34] with no differences found between groups and nor was there any self-reported eye conditions (Table 1 ).
Simulator scenario and procedure
The experiment was conducted in an advanced moving-base driving simulator (Sim III) at the Swedish Road and Transport Research Institute. The car body consists of the front half of a SAAB 9-3 and the visual display subtended 120°×30°(horizontal and vertical) from the participant's position in the simulator. By moving, rotating, or tilting the car and the video screens, acceleration and deceleration forces in either direction can be simulated. A vibration table enables a high-fidelity simulation of road surface contact, making the driving experience very realistic.
There was a short (5 min) training session in the simulator in order to get the participants familiar with the driving situation and the visual distraction task. The driving scenario was a 35 km long rural road with a speed limit of 70 km/h. The traffic density was low with no traffic in the same lane and random oncoming traffic at a mean interval of 22 s.
The secondary task was initiated every 30 s. Drivers were prompted by a vibration in the seat to first look at and then read back a complete sequence of four letters appearing on a display, one letter at a time. The level of cognitive workload was randomly varied by altering the phonological similarity of the letters according to Conrad and Hull [19] . Thus, two sequences consisting of randomized letters that were either phonologically alike (e.g. BDPT) or not phonologically alike (e.g. RKNJ) were used. The reason for choosing this particular task was that drivers with HL are likely to be more affected by workload added to the phonological loop [16] . his is an adaptation of Sternberg's scanning paradigm [20] , in which a set of 1 to 6 digits were presented sequentially to the subject at the rate of one every 1.2 s. The display time had to be long enough for recognition of the letters, but short enough for the participants to need to keep their eyes on the display. The instruction was to look at all four letters and then repeat the whole sequence in the correct order afterwards.
The experiment also included a number of critical events in which an offset in the steering wheel angle was introduced to gently push the car towards an oncoming vehicle while the driver was looking away. There was also a parked car event in which the drivers had to brake. Analysis of the data surrounding these events as well as driving performance is presented in a separate paper [13] and thus excluded here.
Eye movements
Eye movements were acquired with a remote four-camera eye tracking system (Smart Eye Pro 5.7, Smart Eye AB, Gothenburg, Sweden), which measured the driver's gaze direction in full 3D at a rate of 50 Hz. The eye tracker is connected to a model of the vehicle, and thus allows analyses of the objects in the cockpit attracting the driver's gaze.
The eye tracking system reflects the contrast between the edge of the iris and the sclera with a confidence measure normalized to the range 0-1, on which 0 corresponds to the 1st percentile of all collected quality values of the current trip, and 1 corresponds to the 99th percentile. Extreme values outside the range are set to 0 or 1 depending upon whether they are low or high. All samples with gaze confidence below 0.2 were set to missing values in order to remove unreliable data. In the current dataset, 2.8 % of the data were set to missing values due to low gaze confidence values. A median filter of 400 ms was also applied to the 3D gaze direction signals in order to remove noise while preserving the inherent structure of fixations and saccades. The filter was implemented to facilitate interpolation of short segments of missing data by ignoring missing values in the sliding median calculation [21] . Consecutive missing value sequences longer than 200 ms were left unchanged.
The raw gaze data were segmented into fixations and saccades. Gaze segmentation can be achieved in many ways with varying results [22] . Here a two-stage segmentation algorithm based on 2D velocity and dispersion, originally developed to suit remote eye tracking data from complex environments, was used [23] . The 2D velocity of vertical and horizontal gaze data was calculated using SavitzkyGolay smoothing and differentiation [24, 25] . The polynomial order of the filter was set to 3 and the window width was set to 0.2 s. The velocity threshold was set to 10°/s. The velocity threshold was deliberately set too low in order to make sure that all saccades were detected. The false detections were then removed in the dispersion step of the algorithm by checking whether the fixation candidates were spatially close. Since remote eye trackers have much worse accuracy, precision, and availability in the peripheral regions than in the central forward view [26, 27] , the threshold for what is defined as spatially close depends on where the driver is looking. Here the threshold was defined so that the dispersion area would become small in the central region and then gradually increase in the more peripheral areas according to Ahlstrom et al. (2012) .
The objects that the driver looks at within the car's cockpit, called zones, were recalculated as the intersection between the filtered gaze vector and the zone polygons. Some of the objects in the car were merged in this step, resulting in 7 zones (see Table 2 ). The zone data were also filtered such that each fixation was assigned to a single zone. This was achieved by calculating the weighted median of the raw 50 Hz zone data belonging to each fixation. The weights were set to promote fixations on the mirrors, the speedometer, and the secondary task display by giving these zones a 5×higher weight.
A glance is defined as a sequence of gaze direction data lasting from the moment at which the direction of gaze moves towards a particular target to the moment it moves away from the target [28, 29] . Here the filtered zone data is used to define glances; as long as the eyes are residing within a certain zone the gaze data belongs to the same glance. 
Performance indicators
Eye movement behavior was assessed during normal driving using the following performance indicators: number of glances away from road, mean duration away from road, max duration away from road, and percentage road center. The definition of "percentage road center" was gaze data residing in a circle with 8°radius, centered on the main mode of the gaze data, according to Victor et al. [30] . During the secondary task, eye movement data were assessed in terms of number of glances to the secondary task display, mean duration of glances to the secondary task display, and max duration of glances to the secondary task display. The secondary task performance was assessed as well, counting the number of correct letters in order, the number of skipped letters, and the number of correct letters ignoring order. The last performance indicator was included to see whether the participants remembered the letters themselves but not the presentation order.
A new secondary task was given every 30 s. The first 15 s were used partly to display the secondary task letters and partly to prepare the simulator for an occasional critical event (not used in this study). Of these 15 s, eye movement data from the 2.8 s that the letters were displayed were used in the analysis. In addition, the normal driving data set was governed by the remaining 15 s leading up to the next task.
Design and expectations
A mixed design with the fixed factors of hearing status (NH vs. HL), gender (men vs. women), and condition (normal vs. task); participant (participants 1-48) was nested within genders × hearing status as a random factor. Main effects and interaction effects of hearing status, gender (between-group variables), and condition (within-group variable) were examined for all performance indicators and measures.
Since deaf people perform better on certain perceptual tasks than people with NH [14] and possibly compensate to detect auditory events [15] , it was generally believed that the HL group would show more active visual scanning than the NH group, resulting in a larger number of fixations directed mainly towards the forward roadway but also to peripheral gaze targets such as the mirrors. In addition to this rather broad research question, three main assumptions were tested: First, as a natural effect of divided attention, we expected to see in both groups an effect on all areas during the task, an increased number of glances at the secondary task display, and a decreased number of glances towards the other zones. Second, with the knowledge of their more cautious driving behavior [13] , we assumed that participants with HL would be generally less willing to take their eyes off the road, in terms of both number and duration of glances. We expected fewer and shorter glances away from the forward roadway in the HL group than in the NH group. Third, with the indications of compensatory strategies and a cautious driving behavior [13] , we assumed that participants with HL would be less willing to take their eyes off the road while performing the secondary task. We expected that secondary task performance would be lower, frequency of glances to the secondary task display would be higher, and duration of glances to the secondary task display would be shorter in the HL group than in the NH group.
Analysis
Our strategy for analyzing the distribution of glances was to start with a model as comprehensive as possible, with several variables, interactions, and multidimensional responses. Significant results would lead to the examination of each zone in which they were found and significant interactions would lead to the analysis of each level of the factors involved in the interaction. Factors were tested with Wilk's MANOVA and with ANOVAs using F-tests.
A MANOVA was performed to examine whether condition, hearing status, gender, or any two-factor interactions of these had an effect on the distribution of glances, where the distribution is governed by a vector representing the 7 target gaze zones. In this model hearing, gender, and condition were included as fix variables, and participant nested within hearing and gender was included as a random variable. The significant interaction effect of condition and hearing lead to the analysis of each condition and each hearing status.
ANOVAs were performed to test hypotheses examining one zone at a time. All effects reported as significant have p<.05 and are presented with an F -value and least squares means.
Results
The results from the MANOVAS of distribution of glances during normal driving and task, respectively, are presented first. These are followed by ANOVAS of fixations in target zones and eye movement behavior. Finally the results of the secondary task performance are presented.
Distribution of glances
The full model MANOVA showed a significant main effect for condition, p<0.05, and a significant interaction effect for hearing status and condition, p<0.05. Thus, to follow the analysis strategy, MANOVAs were carried out to examine the effects of hearing status + gender per condition and of condition + gender per hearing status. The results of these analyses are presented in section 3.2. Fig. 1 displays the distribution of glances per zone for each condition.
The 2D histograms of vertical and horizontal gaze directions presented in Fig. 2 show only small differences between the NH and HL groups; the HL group tend to have narrower and more pronounced modes corresponding to the speedometer and the mirrors in the cockpit.
During the secondary task, the 2D histograms reveal a nearly bimodal distribution of the gaze data between the forward roadway and the secondary task display. There are some indications that the HL group looks in the center rearview mirror and further to the right more often than the NH group during the secondary task. Also, in the transition matrix in Fig. 3 , it can be seen that glances towards the secondary task display are preceded by glances to the mirrors more often in the HL group than in the NH group.
Transition matrices showing the jump probability between different zones are illustrated in Fig. 3 . Similar to the 2D histograms, the transition matrices are also very similar between the NH and HL groups during normal driving. As expected, most fixations on peripheral targets are followed by a fixation on the windshield. The pronounced modes in the 2D histograms for the HL group are emphasized in the transition matrix as very few fixations to zone 7 (other).
Fixations in target zones
There was a significant interaction effect of condition + hearing status in the right, left, and rear-view mirror zones (see Fig. 1 ). The largest effect was in the rear-view mirror zone, at which the HL group looked twice as much during the task as when driving normally, while in the NH group there is no difference. The interaction between condition + hearing status per target zone is displayed in Table 3 , with F-value, p-value, and least squares means.
The interaction between condition and gender was more apparent in the HL group; however, since the effect of gender was not significant, this was not examined further.
The main result from the analysis of target zones is that during the task, people with HL looked twice as often in the rear-view mirror as they do during normal driving and twice as often as drivers with NH regardless of the driving condition.
Eye movement behavior
The full model ANOVA showed a significant main effect of condition, p<0.05, on all 4 eye movement behavior measures and a significant interaction effect of hearing status + condition, p<0.05, in 3 out of 4. Thus, to follow the analysis strategy one ANOVA was carried out to examine the effect of hearing status + gender per condition, and another was carried out to examine the effect of condition + gender per hearing status.
On number of glances away from road there was a significant interaction effect of condition + hearing status, such that during the task the HL group looked away from road more often than those with NH, while during normal driving there was no between-group difference. Also on mean duration away from road a significant interaction effect emerged with condition + hearing status, such that during normal driving there was no between-group difference and during the task glances away from road were shorter for the HL group than the NH group. There was a significant interaction effect of condition + hearing status on max duration away from road, with the NH group unaffected by condition and those with HL having shorter max duration during task.
No significant main effect of gender or hearing status arose for the eye movement behavior measures, and no significant interaction effect of condition + hearing status emerged and for percentage road center. The interaction between condition + hearing status per eye movement behavior measure is Fig. 1 Histogram showing the distribution of fixations for each driving condition. The error bars represent the standard deviation between participants Fig. 2 Logarithmic 2D histograms of vertical and horizontal gaze directions from all participants. Glances towards the forward roadway reside in the origin of the plots; the speedometer is located 20°down, the left mirror is located approximately −35°horizontally and −15°vertically, the center rear-view mirror about 30°h orizontally and 5°vertically, and the secondary task display is located about 35°horizontally and −35°vertically. The color coding represents the height of the distributions. The main mode of the distribution, colored in dark red, indicates that the driver is looking straight ahead at the forward roadway. The peak to the right of the main mode is the center rear-view mirror; the peak below is the instrument cluster; and the peak below the rear-view mirror represents the secondary task screen Fig. 3 Transition matrices showing the probability of shifting from one zone to another between glances. Zone descriptions can be found in Table 2 displayed in Table 4 with F-value, p-value, and least squares means.
To summarize, the effects of hearing status on eye movement behavior were connected to the condition of task. During task, the HL group looked away from the road more frequently and for shorter durations than the NH group.
Secondary task performance
Secondary task performance revealed a significant main effect for hearing status, such that participants with NH had a higher percentage of correct answers, F(1, 44) = 3.52, p = 0.05. There was no significant main effect of gender and no interaction effect of gender + hearing status on percentage correct.
A significant main effect of hearing status emerged for the percentage of skipped letters, such that participants with HL skipped more letters than those with NH did, F(1, 44)=6.10, p=0.02. A significant main effect also emerged for gender, such that women skipped more letters than men did, F(1, 44)= 4.60, p=0.04. There was no significant interaction effect between gender and hearing status.
Ignoring the ordering of the correctly repeated letters, a significant main effect emerged for hearing status, such that participants with NH performed better than participants with HL, F(1, 44)=9.91, p<0.01. There was no significant effect of gender and neither was there a significant interaction effect between gender and hearing status.
In summary, those with HL identified fewer correct letters and skipped more letters than those with NL.
Discussion
Summary
The purpose of this study was to compare visual behavior in drivers with and without HL. The question was whether the HL group would use more active visual scanning than the NH group, and more frequent glances of shorter duration were expected in the HL group. This was not entirely confirmed by the statistical analysis; however, according to the histogram in Fig. 1 , the HL group had a larger number of fixations than the NL group on the speedometer and on gaze targets to the left (left window, left mirror, and left door) in normal driving. The analysis of target zones showed that during task, HL looked twice as often in the rear-view mirror than during normal driving and twice as often as NH drivers in either condition.
As expected, as a natural effect of divided attention during task, the initial MANOVA confirmed an increased number of glances at the secondary task display and a decreased number of glances in the other zones for both groups.
We assumed that participants with HL would generally be less willing to take their eyes off the road, and this would be reflected in their looking away less often and for shorter durations than those in the NL group. This was partly confirmed by the analysis, and bound to the driving condition exceeding normal driving (as in performing the task), which is in line with previous results [13] .
We also assumed that participants with HL would be less willing to take their eyes off the road while performing the secondary task, which was confirmed by the analyses of eye movement behavior and secondary task performance.
The HL group also tended to look more in the center rear-view mirror and further to the right during the secondary task, indicating scanning along the right side of the road (see Fig. 2 ). The transition matrix in Fig. 3 shows that in the HL group, shifts in gaze towards the secondary task display originated from all other gaze targets. Glances to the secondary task in the HL group were preceded especially more often than in the NH group by glances from the center and right rear-view mirrors. This suggests more cautious driving behavior by those with HL, who tended more often than drivers with NH to check in all directions before looking away from the road. 
Limitations
The advantages of performing simulator studies, including the opportunity to offer a safe convenient alternative to measuring driving performance on-road and the ability to keep driving conditions and environmental conditions constant, also come with limitations [31, 32] . For example, motion, velocity, and acceleration ranges are limited; it is impossible to fully represent a real traffic environment; and simulator sickness [31] . Also, the simulated world does not contain the same level of detail and roughness as the real world. Since there is a limited amount of details present in the simulated world, there is also less to focus on. It is not known to which extent this limitation affects visual behavior. Simulator performance shows medium to strong correlations with many on-road driving performance measures as well as to cognitive and physiological measures, however simulators need to be validated for each new setting [32] . The percentage of fixations on the speedometer was high in both groups. This is probably an effect of the difficulty of maintaining a fixed speed in driving simulators [33] .
Because the study population was limited to older adults, the results are only generalizable to this age group. The main motive for using this age group was that the HL population consists mainly of older adults. It has also been shown that age is strongly related to attitudes towards HL and transportation [9] . For each participant the gaze data was analyzed on 39 sequences each of normal driving and driving with the task. A complicated full model and an irregular non-response forced a simplification in the test for the interaction between hearing and condition such that the result is not fully generalizable to the population and rather should be seen as a result for this specific sample only.
Conclusions
Differences in visual behaviors between drivers with NH and drivers with HL are bound to the driving condition. When driving and performing a secondary task, drivers with HL look away from the road as much as drivers with NH, but with more frequent glances of shorter duration.
Statistical hypothesis-testing showed a significant decrease in secondary task performance for the HL group. The results also indicate that drivers with HL use fewer but more focused glances than NH drivers; they also perform a visual scan of the surrounding traffic environment before looking away towards the secondary task display.
